The African parasitoid wasp Cotesia sesamiae is structured in contrasted populations showing 29 differences in host range and the recent discovery of a specialist related species, C. typhae, 30 provide a good framework to study the mechanisms that link the parasitoid and their host 31 range. To investigate the genomic bases of divergence between these populations, we used a 32 targeted sequencing approach on 24 samples. We targeted a specific genomic region encoding 33 the bracovirus, which is deeply involved in the interaction with the host. 
Introduction
signature of adaptive evolution, by analysing differentiation between population F ST and d xy 127 parameters and the ratio of substitution rates at non-synonymous and synonymous sites 128 (dN/dS ratio), as well as pseudogenization. By tracking the evolution of the virulence genes 129 encoded in the bracovirus of C. sesamiae at the population level, we revealed processes 130 involved in host specialization and speciation. Overall our approach provides the first 131 empirical insights on the genomic evolution of the domesticated bracovirus within the context 132 of host parasite ecological interactions. 133
134

Materials and Methods 135
Biological material 136
Parasitized stem-borer host larvae were collected on wild plants in nine countries of 137 Sub-Saharan Africa. For each lepidopteran larvae, GPS positions and altitude were recorded, 138 as well as species identification and the host plant (Le Rü et al. 2006) . Adult parasitoids were 139 kept in absolute ethanol and identified to species based on genitalia morphology (Kimani-140
Njogu et al. 1997). Furthermore wasps from four parasitized caterpillars come from 141 laboratory colonies originating from Kenya and maintained on the hosts on which they have 142 been collected and regularly resampled for experimental purposes (Supplementary Table 1) . 143
Samples correspond to the pool of the adult C. sesamiae wasps emerged from these 144 parasitized caterpillars. These pools, constituted of an average 30 gregarious Cotesia siblings, 145 are not named "pools" to avoid confusions with the term used in Pool-Seq and composed of 146 tens of individuals from the same population (Gautier et al. 2013) . As the wasps are haplo-147 diploids, here, each sample represents at most the 3 genotypes of the female and male 148 progenitors of the clutch studied. Pooling the clutch as one 'sample' was necessary to obtain 149 the amount of DNA required for the targeted sequencing approach. 150
Genomic DNA was extracted from the pool of wasp whole bodies using a Qiamp 153 DNA extraction kit (Qiagen) with RNAase treatment following the manufacturer's 154 instructions and eluted in 200 µL of molecular grade H 2 O. DNA quantity was measured with 155 a Qubit fluorometer (dsDNA BR, Invitrogen) and the quality was assessed by electrophoresis 156 on a 1% agarose gel containing GelRed (Biotum). The DNA enrichment for regions of 157 interest was performed using the SurSelect system (Agilent Technologies), for genomic DNA 158 in solution (Mamanova et al. 2010) . As several mismatches can be bridged during the 159 hybridization step, this technology allows the capture of different sequences homologous to 160 the reference. 161
The 300 kb targeted regions corresponded to 14 out of 26 C. sesamiae bracovirus 162 segments of the Kitale population (Genbank accessions: HF562906-31), that were available at 163 the time of the study design Bézier et al. 2013) . Moreover, variations of 164 the histone-H4 and ep2 genes (Genbank accessions: JX415828-44, JX430002-20) were 165 integrated in the reference sequences to control for the effect of genetic variation on the 166 capture efficiency. After enrichment, the samples were paired-end sequenced on an Illumina 167 Hi-Seq 2000 instrument. All 100bp paired-end reads were sorted by samples using the MID 168 tags and trimmed to remove low quality terminal bases and MID tags. 169
170
Sequence analyses 171
Raw data analyses, including number of output reads and quality estimation, were 172 done using the FASTX-Toolkit v0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/). Reads with 173 more than 10% of low quality bases, i.e. below 20 Phred quality score, were removed and low 174 quality bases were replaced by undetermined nucleotides, i.e. N. Reads of each samples were 175 mapped to the Kitale reference sequence (accessions HF562906-31) using Bowtie2 v2.1.0paired-end reads mapping and thus avoid mismapping due to genomic duplications. Then, a 178 pipeline including several steps of cleaning and filtering, based on recommendations from 179 The effectiveness and the completeness of the sequencing were estimated using a 190 subsampling approach. For each sample, twelve random subsamplings of the mapped reads 191 were done using DownsampleSam from the Picard package (http://picard.sourceforge.net) 192 from 1% to 100% of reads. This process was replicated three times and at each condition, the 193 diversity was measured to build a cumulative curve. To evaluate the sampling, we performed 194 the same process by three random subsampling of samples in each population and by 195 progressively increasing the number of sample from one to the maximum number. Global 196 genetic diversity was estimated at each level using a custom script implementing Tajima's π 197 nucleotide diversity formula (Tajima 1983) . 198
199
Comparative genomics and phylogenomics 200
For each sample, a majority consensus sequence was generated using the "Generate 201 consensus sequence" tool from Geneious suite v8.0.5 (Kearse et al. 2012) to extract the most 202 common bases, i.e. most frequent alleles, with a minimum coverage of 20 reads. Then, these 203 consensus sequences were aligned using Geneious aligner v8.0.5 (Kearse et al. 2012) and 204 manually verified. The coding regions were extracted, concatenated, and a phylogenomic tree 205 was built using the PhyML program (Guindon & Gascuel 2003) with the K80 substitution 206 model determined using jModelTest (Posada 2008 ) and branch support was measured based 207 on 1,000 bootstrap iterations. 208
209
Population genetic analyses 210
For the analyses at the population level, a dataset for each population was created 211 combining the data of the corresponding samples. In the absence of information on the 212 emergence composition (i.e. ploidy level linked to the mating and emergence sex-ratio) the 213 alignments from each sample were normalized by subsampling to a fixed coverage of 100X as 214 recommended by the authors using subsample-synchronized.pl from the POPOOLATION2 215 pipeline v1.201 (Kofler et al. 2011b) . Once normalized, the samples were merged by 216 summing the coverage of each allele at each position. This allows to give each sample the 217 same weight in the final population dataset. On these population datasets, different indexes 218 were estimated to characterize genetic diversity and differentiation. All these estimations were 219 performed at the level of bracovirus genes rather than on the entire bracovirus loci or using 220 sliding windows, because transposable elements present in the intergenic regions of the 221 bracovirus captured copies present elsewhere in the wasp genome, thus biasing the 222 estimations. The nucleotide diversity of each gene was estimated using a custom script 223 implementing Tajima's π nucleotide diversity formula taking the gene length into account 224 (Tajima 1983 ). The independence from gene size of these estimators was verified using 225 correlation tests, which were all non-significant (Spearman's rank order test, p-values > 0.06). 
Results
258
Efficiency of the targeted sequencing 259
The strategy consisting in the enrichment of the targeted bracovirus allowed the 260 production of an average of 3.58 million paired-end reads per sample with a range of 2.89 to 261 5.14 million. On average, 43.66% of reads (range: 27.13%-49.90%) were mapped on the 262 reference sequences after all filtering steps. Genetic distance did not affect sequence capture 263 as 37.65% of reads from the outgroup species, Cotesia flavipes, could be mapped, which is 264 well within the range and broadly similar to result from the reference sample C. sesamiae 265 "Kitale" (43.89%; Supplementary Table 2) . 266
The coverage of the targeted regions was above 441X, with an average of 649X for all 267 samples including C. flavipes outgroup. Fine scale analysis of the coverage within the 268 sequenced targeted segments revealed intergenic regions with extremely high coverage. 269
Transposable elements (TE) were identified in the bracovirus segment and already reported in 270 C. congregata species ). The excessive coverage presumably resulted from 271 the targeted capture of TE copies present elsewhere in the whole wasp genome. As these 272 additional TE reads could skew the genetic diversity of intergenic regions within thebracovirus loci, all further analyses excluded intergenic and TE sequences and were solely 274 performed at the level of the 98 captured bracovirus genes.. 275
To evaluate if the genetic diversity of reference sequences influenced DNA capture 276 efficiency, two genes for which we had several genetic variants, respectively ten variants for 277 the Histone H4 gene and thirty for the EP2-2 gene, were integrated in the targeted capture 278 process, increasing the diversity of the sequence matrix for these genes. After capture and 279 sequencing, both genes showed higher coverage than other targeted genes (Wilcoxon sum 280 rank test p-value: 2.2 -16 and 1.069 -07 ; Supplementary Figure 1a) , due to the sequence 281 abundance of the capturing matrix; i.e. more abundant matrix in the capture mix, gives, in 282
proportion, more captured sequences. However, in both cases increased coverage did not 283 affect genetic diversity, which was not significantly different from other genes (Wilcoxon 284 sum rank test p-value: > 0.05; Supplementary Figure 1b) . This suggests that the matrix, based 285 on a single sequence, is able to capture all the diversity present in the samples. Conversely, as 286 neither Histone H4 nor EP2-2 showed lower diversity than other bracoviral genes, this implies 287 that higher sequencing did not affect variant amplification, which could have artificially 288 reduced the diversity captured. Therefore, coverage variability between genes can be 289 attributed to random events during the capture rather than specific technical artefact. 290
To further test if the sequencing depth achieved in the experiments was sufficient to 291 capture the genetic diversity present in each sample, we performed read subsampling 292 (Supplementary Figure 2a) . The cumulative curves showed that for all samples 10% to 30% 293 of the reads were sufficient to reach a plateau of genetic diversity. Therefore adequate 294 sequencing depth was achieved in the experiment. A similar approach was done at the 295 population level to assess the representativeness of our samples, by increasing the number of 296 samples for each population (Supplementary Figure 2b) . For each population the curve 297 reached a threshold of genetic diversity between three and four samples. This suggests that 298 the genetic diversity contained in these samples is sufficient to characterise the population. 299
Our sampling size is thus sufficient to represent Cotesia population diversity. 300
Altogether, we found on the one hand that the study design could capture the diversity 301 present in homologous regions to the bracovirus target and on the other hand, that a complete 302 absence of sequence data for a target region would likely indicate a genuine loss rather than a 303 technical artefact. 304 305
Phylogenetic analyses 306
To determine how the 24 Cotesia samples used for the targeted resequencing 307 experiment relate to one another, we used the majority consensus sequence derived from the 308 reads mapping on the bracovirus genes, as it reflects the main phylogenetic signal present in 309 the sample. Five phylogenetic lineages could be clearly delimited (Figure 1b) , C. flavipes the 310 outgroup, the recently described species C. typhae and three C. sesamiae populations, in 311 agreement to previous population genetic studies (Branca et al. 2017; Kaiser et al. 2015) . 312
Furthermore, the sample G4916 from the Endebess locality is genetically isolated and 313
probably represents a single sample from a fifth population. However as we only had one 314 sample from this fifth population, we could not carry out population-based analyses, as its 315 diversity would not be representative. Geographic distribution appears to play a role in the 316 genetic structuration of C. sesamiae. Populations 1, 2 and 3 are clearly distributed in different 317 regions of Africa although with some overlap. C. typhae has also been reported in localities 318 shared with C. sesamiae population 1 (Figure 1a) . 319 320
Detection of selection on bracovirus genes 321
To study the mechanisms involved in the divergence between C. sesamiae populations 322 and with C. typhae between them and with the elated species, several tools, such as measuresof F ST , d xy and dN/dS ratio, were used to investigate selection signatures on the 98 bracovirus 324 genes captured in experiment. 325
As a first approach, we measured the relative differentiation (F ST suggesting that they might be implicated in the divergence of these populations. This is the 351 case for five genes of C. typhae (bv5 .4_23.2, bv5.8_33.6, bv5.7_33.2, bv7.6_36.1 and  352 serrich.6_32.15; Figure 2) 
To determine if the outlier genes found in the d xy analysis were undergoing 360 diversifying selection, dN/dS ratio were estimated using the Branch-Site REL model 361 implemented in HyPhy. Positive selection signatures were found in six out of sixteen outlier 362 genes ( Table 1 ). The ep1.0_8.1 gene showed high dN/dS ratio in population 3. With five out 363 of six genes evolving under positive selection, C. typhae lineage bore most of the hallmarks 364 of molecular differentiation from C. sesamiae. Strikingly, two genes of the bv7 family 365 (bv7.7_36.4 and bv7.6_36.1) were found to be adaptive through this approach, as well as 366 bv5.8_33.6, ep2.0_2.1 and crv1.1_13.5 (Table 1) . 367
368
Pseudogenization and gene loss 369
The manual investigation of bracovirus gene alignments revealed fixed nonsense 370 mutations as well as several deletions observed in all individuals from a given population. 371
These mutations shortening the encoded proteins suggest on-going pseudogenization process. 372 Surprisingly, pseudogenization events fixed in at least one population were found in at least 373 21 genes among the 98 genes studied. Nineteen genes harboured point mutations or deletion 374 causing premature stop codons causing shortened ORFs. While some mutations reduced only 375 a small part of the protein (e.g. bv5.8_33.6 lost 13% of the reference protein), others impacted 376 considerably protein length (e.g. bv6_32.19 lost more than 85% of the protein; Table 2 ). 377
Although pseudogenization events were found in all C. sesamiae populations, the specialist C. 378 typhae lineage was most affected (Table 2) . 379
In a similar manner than for the locus 8 in C. typhae, the fine scale analysis of gene 380 coverage revealed two large regions without any reads. To investigate if this absence of 381 coverage along the bracovirus genome corresponded to real deletions, read mapping results 382 were re-assembled to evaluate if both sides of these putative deletions were contiguous in 383 these populations. In both cases, contiguous sequences bridging the deletion gap could be 384 assembled with the same coverage as the rest of the genome, showing that these deletions 385 were genuine. The deletions were found in the genes single_6.4 and ep1.6_7.6 (Figure 3) . The 386 deletion in the single_6.4 gene was larger around the gene in the population 3 (1,056 bp 387 deleted) and smaller in C. typhae (660 bp deleted). The situation was different in the 388 ep1.6_7.6 gene region with a smaller deletion in the middle of the gene for the population 3 389 (341 bp deleted) and a larger deletion including the whole gene for the C. typhae (608 bp 390 deleted). As the positions of the deletions differed between the populations, they likely 391 originated from independent events. In both cases the deletions were fixed, i.e. shared by all 392 the samples, in populations 3 and C. typhae. Although the lack of flanking regions did not 393 permit to conduct this analysis on the missing bracoviral locus 8 of C. typhae, these results 394 suggest that there might also be a large deletion in that case. 395
396
Discussion
Generally used for the study of inter-specific genetic variability (Jones & Good 2016) , 398 the targeted sequencing approach has been particularly efficient to study the evolution of the 399 bracovirus of C. sesamiae at the population level. The approach was validated through a 400 series of tests evaluating its robustness (Chen et al. 2012) , that showed the capture and 401 sequencing were representative of the genetic diversity of the samples and populations 402 studied. Furthermore the gene scale approach circumvented analytical bias resulting from the 403 presence of numerous transposable elements bias in the bracovirus loci . 404
405
Distinct evolutionary lineages within the Cotesia flavipes species complex 406
The phylogenomic analysis based on all genes from the entire bracovirus showed a 407 strong genetic structuration of the samples in five well-delimited clusters. The branch length 408 and the differentiation level, F ST and d xy , measured in the bracovirus region spanned different 409 situations from closely related to deeply divergent clusters. This structuration is congruent to 410 three clades identified in previous phylogenetic approach ( Kaiser et al. 2015) . The main 411 difference is the basal position of the C. typhae species, which could be explained by the rapid 412 evolution of the bracovirus genes leading to long branch attraction artefact in the phylogeny. 413
A phylogeny based on another gene set might resolve these issue and clarify the phylogenetic 414 position of C typhae within the C. flavipes species complex. Lastly, the same structuration in 415 five clusters was found using a broad population genetic approach using neutral molecular 416 markers on 638 samples from all over Sub-Saharan Africa (Branca et al. 2017) thereby 417 confirming the reliability of the sample clustering based on 98 bracovirus genes. analyses would be required to reveal how the six candidate genes interact with the different 499 hosts and how they modulate host physiology leading to the wasp parasitic success. 500
Moreover, in the context of biological control programs, these candidate genes, which are 501 differentiated between populations, could be used as molecular markers, to identify the 502 adapted wasp for an introduction against a targeted host and then to follow the acclimatization 503 of these introduced wasps in the field. 504 505
Evolutionary history of bracovirus genes 506
The bracovirus genes are organized in different multigenic families and certain genes 507 in these families are under divergent selection. In several multigenic families, e.g. bv5, bv7 or 508 ep1, some genes show mutations inducing frame-shifts and stop codon reducing the protein 509 size. These events impacting protein function result from relaxation of a negative selection 510 and fixation of deleterious mutations. Large deletions also cause another type of less frequent 511 gene loss. The ep1 multigenic family, composed of three variants, follows these different 512 evolutions. Ep1.0_8.1 shows specific divergent selection pressure in the population 3, so this 513 apparently adapted variant should be involved in successful parasitism of local hosts. In 514 parallel, the ep1.6_7.6 gene appears is completely deleted in population 3. This loss suggests 515 it had become useless or was impeding parasitism success. This process of multigenic family 516 evolution has been described by the 'birth and death' model (Nei & Rooney 2005) . These 517 gene families result from duplication events, including previously described large genomic 518 duplication and rearrangements , that creates new bracovirus genes, which 519 become the supports for new mutations (Herniou et al. 2013; Francino 2005) . If the mutations 520 are adaptive, these versions will be submitted to various selection pressures that lead to 521 different evolutionary trajectories as observed. In the case of specialization, only the mostadapted versions are useful and the others experience a relaxation of the conservative 523 selection pressures. This allows the accumulation of mutations that alter the function and lead 524 to pseudogenization (Herniou et al. 2013 . 525
526
Host specialization 527
The use of well characterized natural populations, presenting contrasted ecological 528 in parasitoids (Rice 1987) . 537
The adaptation to a specific host, when parasitoids have a higher fitness on this host 538 species, is driven by selection pressures imposed by host on parasitoid population and boosted 539 by the intimate relationships that exist between the parasitoid and its hosts. The signatures of 540 these selection pressures impact genes involved in host/parasite interaction and correspond to 541 the signals identified in the virulence genes (Thompson 2005) . Under certain condition this 542 specialization process induce the ecological speciation and the emergence of a new species. 543
Whole genome analyses could provide some keys to elucidate the speciation process involved 544 in the emergence of C. typhae. The ecological speciation process, in sympatry, induce 545 particular patterns located in specific genomic loci called 'genomic islands', such as described 546 in stick insects (Nosil et evolve as such a genomic island of divergence. The comparisons between the bracovirus and 549 the rest of the genome would settle the hypothesis. Moreover, other adaptive traits could be 550 involved in the evolution of these populations. For example, C. typhae is also specialized on 551 one main plant T. domingensis (Kaiser et al. 2015) . The wasp ability to detect host and host 552 plant could also be involved in the specialization mechanisms. Different studies highlight the 553 intimate relationship between plant and Cotesia parasitoids, which are mediated by plant 554 volatiles induced by herbivore attacks (Geervliet et al. 1994) . A genome scan approach to 555 evaluate the molecular signature of selection on the whole genome could identify other genes 556 and functions potentially involved in the evolution of parasitoid wasps. 
